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Cyano-Substituted Triradicals

Substituent Effects on the Reactivity of the 2,4,6Tridehydropyridinium Cation, an Aromatic σ,σ,σ-Triradical
Jinshan Gao,[a] Bartłomiej J. Jankiewicz,[b] Huaming Sheng,[c] Lindsey Kirkpatrick,[d]
Xin Ma,[d] John J. Nash,*[d] and Hilkka I. Kenttämaa*[d]
Abstract: 2,4,6-Tridehydropyridinium cation (7) undergoes
three consecutive atom or atom group abstractions from reagent molecules in the gas phase. By placing a π-electron-donating hydroxyl group between two radical sites, their reactivity
can be quenched by enhancing their through-space coupling
via a favorable resonance structure. Indeed, 3-hydroxy-2,4,6tridehydropyridinium cation (8) abstracts only one atom or
group of atoms from reagents. On the other hand, an electronwithdrawing cyano group between two of the radical sites (9)
destabilizes the analogous resonance structure and diminishes
through-space coupling between the radical sites, resulting in
abstraction of three atoms, just like 7. However, the cyanosubstituent also increases acidity to the point that 9 reacts pre-

Introduction
Aromatic carbon-centered σ,σ,σ-triradicals (i.e., tridehydroarenes) have not received the high degree of attention that has
been lavished upon their mono- and didehydroarene siblings[1]
or related π-type polyradicals.[2] Almost all studies carried out
on tridehydroarenes have been computational in nature due to
the difficulty in studying such highly reactive species experimentally.[3–10] Experimental studies on neutral tridehydroarenes
are limited to thermochemical measurements on 1,3,5-tridehydrobenzene[11] and matrix isolation and IR detection of 1,2,3tridehydrobenzene[12] and trifluoro-1,3,5-tridehydrobenzene.[13]
Recently, our group reported kinetic reactivity studies on three
tridehydroarenes, the 3,4,5-tridehydropyridinium,[14] 2,4,6-tridehydropyridinium[15] and 3-hydroxy-2,4,6-tridehydropyridinium[16] cations, carried out in the gas phase by using Fourier-
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dominantly via proton transfer instead of undergoing radical
reactions. Therefore, acidic triradicals may undergo nonradical,
barrierless proton transfer reactions faster than radical reactions, which are usually accompanied by barriers. Examination
of the analogous cyano-substituted mono- and biradicals revealed behavior similar to that of the corresponding unsubstituted species, with the exception of substantially greater reactivities due to their greater (calculated) vertical electron affinities. Finally, the 3-cyano-2,6-didehydropyridinium cation with a
singlet ground state (S-T splitting: –11.9 kcal mol–1) was found
to react exclusively from the lowest-energy triplet state by fast
proton transfer reactions.

transform ion cyclotron resonance (FT-ICR) mass spectrometry.
The reactivity of the 3,4,5-tridehydropyridinium cation suggests
that this triradical is best described as a highly reactive orthobenzyne with a reactive radical site.[14] On the other hand, the
2,4,6-tridehydropyridinium cation shows high radical reactivity
followed by relatively low meta-benzyne reactivity.[15] The metabenzyne reactivity essentially disappears upon addition of a
hydroxyl substituent to the aromatic ring since this π-electron
donating group enhances the coupling between the two radical
sites adjacent to it.[16] This result is in agreement with previous
findings that substituents can greatly influence the reactivity of
meta-benzynes.[17]
In order to further improve the understanding of substituent
effects on the chemical properties of carbon-centered aromatic
σ,σ,σ-triradicals, the reactivity of 3-cyano-2,4,6-tridehydropyridinium cation (9) was examined by using FT-ICR and linear
quadrupole ion trap mass spectrometry. The gas-phase reactions of this triradical are compared to those of two previously
reported triradicals, the 2,4,6-tridehydropyridinium cation[15] (7)
and the 3-hydroxy-2,4,6-tridehydropyridinium cation (8),[16]
three related cyano-substituted σ,σ-biradicals, the 3-cyano-2,4didehydropyridinium cation (4), 5-cyano-2,4-didehydropyridinium cation (5), and 3-cyano-2,6-didehydropyridinium cation (6),
as well as three related monoradicals, the 3-cyano-2-dehydropyridinium cation (1), 3-cyano-4-dehydropyridinium cation (2)
and 5-cyano-2-dehydropyridinium cation (3) (Figure 1). Quantum chemical calculations are used to interpret the experimental results.

6582

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Paper

Figure 1. Mono-, bi- and triradicals studied.

Results and Discussion
Examination of the reactivity of the 2,4,6-tridehydropyridinium
cation[15] (7) and its hydroxy-[16] (8) and cyano-derivatives (9)
toward four reagents (cyclohexane, tetrahydrofuran, allyl iodide,
and dimethyl disulfide) demonstrates that substitution strongly
affects the reactivity of the triradical. Triradical 7 and the cyanosubstituted triradical 9 behave similarly toward cyclohexane, reacting mainly by abstraction of three hydrogen atoms, but drastically differently toward tetrahydrofuran, allyl iodide and dimethyl disulfide. On the other hand, the hydroxy-substituted
triradical 8 mainly shows only one atom or group abstraction

from the reagents studied in spite of the presence of three
radical sites.[16] These findings are rationalized by studying related mono- and biradicals, as discussed in detail below.
The cyano-substituted monoradicals (1, 2, and 3) abstract a
hydrogen atom from cyclohexane, an iodine atom or allyl group
from allyl iodide, and a thiomethyl group from dimethyl disulfide (Table 1), as reported previously for related monoradicals.[15,16,18–22] However, while 1 and 3 react with tetrahydrofuran exclusively via hydrogen atom abstraction, as expected, 2
(with the radical site at C-4) yields several additional products,
such as CH2, C2H3, C2H4, C3H5, C3H6, CHO, and C2H3O abstraction products (Table 1). The identities of these products were
confirmed by examination of the reactions of 2 with fully deuterated tetrahydrofuran (data not shown). The variety of products observed for 2 was not surprising since they have been
observed previously for the 4-dehydropyridinium cation and its
derivatives.[23] They were proposed to arise from nucleophilic
addition of tetrahydrofuran to C-4 in the ionized carbene resonance structure of the 4-dehydropyridinium cation and its derivatives.[23,24]
Monoradical 2 reacts at a lower efficiency than 1 and 3 with
the reagents studied. This difference in reactivity can be rationalized by differences in the electrophilic nature of these radicals.
The (calculated) vertical electron affinity (EAv) of the radical site

Table 1. Calculated thermochemical properties, reactions, reaction efficiencies,[a] and branching ratios of products[b] for mono- and biradicals 1–8 upon
interaction with various neutral reagents.

[a] Reaction efficiency = kreaction/kcollision × 100. [b] Abs = abstraction; branching ratios for primary products are in bold; secondary products are indicated as
(2°), and are listed under the primary products that produce them. [c] Calculated at the CASPT2/CASSCF(m,n)/cc-pVTZ//UB3LYP/cc-pVTZ level of theory; a
negative value indicates a singlet ground state. Proton affinities (for the conjugate bases) calculated by using an isodesmic equation involving proton transfer
to pyridine. [d] Ref.[33] [e] Calculated at a dehydrocarbon atom separation of 2.30 Å. [f] Ref.[61]
Eur. J. Org. Chem. 2018, 6582–6589
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has been shown to be the main factor controlling the reactivities of electrophilic monoradicals.[24] In general, for electrophilic
radicals, the greater the (calculated) EAv of the radical site, the
more polar and hence the lower energy are their transition
states.[25–27] This results in faster reactions. Thus, the greater EAv
of monoradicals 1 and 3 (1: 7.25 eV; 2: 6.48 eV; 3: 7.13 eV;
Table 1) explain why they are more reactive than monoradical
2. Similarly, the greater EAv of all three cyano-substituted
monoradicals compared to their analogs with no cyano-substituents[15] [e.g., the (calculated) EAv of 1 is 7.25 eV (Table 1) while
that of the unsubstituted 2-dehydropyridinium cation[15] is
6.59 eV] explains why their reaction efficiencies are generally
greater [e.g., the reaction efficiencies of 1 and the 2-dehydropyridinium cation with tetrahydrofuran are 94 % (Table 1) and
76 %,[15] respectively].
As expected based on previous studies on related biradicals
with singlet ground states,[23,28–30] the cyano-substituted biradical 4 abstracts two hydrogen atoms from cyclohexane, two allyl
groups (as well as two iodine atoms, or one allyl group and
one iodine atom) from allyl iodide, and two SCH3 groups from
dimethyl disulfide (Table 1) via radical mechanisms. Biradical 4
shows lower reactivity toward cyclohexane and allyl iodide than
the related cyano-substituted monoradicals (1–4 react nearly at
collision rate with dimethyl disulfide and tetrahydrofuran;
Table 1). This finding can be rationalized by the stabilizing coupling between the radical sites in 4, which increases the energy
of the transition state compared to analogous monoradicals.[31,32] The main reaction of biradical 4 with tetrahydrofuran
is proton transfer due to the low (calculated) proton affinity
of its conjugate base (192.9 kcal mol–1) compared to that of
tetrahydrofuran (196.5 kcal mol–1). Hence, the efficiency of this
reaction cannot be compared to the efficiencies of the radical
reactions of the related monoradicals.
The cyano-substituted biradical 4 was found to react faster
with all reagents than its unsubstituted analog, the previously
studied[15] 2,4-didehydropyridinium cation. For example, while
4 reacts with allyl iodide at an efficiency of 48 % (Table 1), the
reaction efficiency is only 15 % for the unsubstituted 2,4-didehydropyridinium cation.[15] The (calculated) S-T splitting,[31] (calculated) “distortion energy”[30] [i.e., the energy required to separate the radical sites of a meta-benzyne moiety to the distance
(2.30 Å) in the transition state for hydrogen atom abstraction],
and (calculated) electron affinity (EA2.30) at the dehydrocarbon
separation in the transition state[30] have been demonstrated
to be among the factors controlling the reactivity of metabenzynes. The greater reactivity of 4 (distortion energy:
6.1 kcal mol–1; EA2.30: 7.17 eV; S-T splitting: –25.0 kcal mol–1;
Table 1) compared to the 2,4-didehydropyridinium cation[15]
(distortion energy: 7.0 kcal mol–1; EA2.30: 6.50 eV; S-T splitting:
–24.5 kcal mol–1) can be explained by the somewhat smaller
distortion energy and substantially greater EA2.30 for the former
biradical.
The cyano-substituted biradical 5 undergoes the same reactions with tetrahydrofuran, allyl iodide and dimethyl disulfide
as the isomeric biradical 4 (Table 1). However, 5 does not react
with cyclohexane and reacts at substantially lower efficiencies
than 4 with the other reagents. This can be explained by the
Eur. J. Org. Chem. 2018, 6582–6589
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substantially greater (calculated) distortion energy of 5
(8.8 kcal mol–1) compared to 4 (6.1 kcal mol–1) (their EAv values
and S-T splittings are essentially identical; Table 1). The different
distortion energies can be illustrated with the dritterionic resonance structures 11 and 12 shown below (Scheme 1) for 4 and
5, respectively. The cyano group at C-5 in biradical 5 stabilizes
the resonance structure 12 while the cyano group at C-3 in
biradical 4 destabilizes the analogous resonance structure 11.
Therefore, separating the radical sites in the transition states for
4 is energetically less costly than for 5.

Scheme 1. Resonance structures of 3-cyano-2,4-didehydropyridinium cation
4 and 5-cyano-2,4-didehydropyridinium cation 5.

The third isomeric cyano-substituted biradical, 6, undergoes
no reactions with cyclohexane, which is somewhat surprising
as this biradical has the smallest S-T splitting (–12 vs.
–25 kcal mol–1 for both 4 and 5) and the greatest EAv (7.5 vs.
7.2 eV for 4 and 5; Table 1) among 4–6 and should undergo
radical reactions fastest. In addition, for biradical 6, the dehydrocarbon atom separation for both the singlet and triplet
states is calculated to be quite close to 2.30 Å, which means
that the distortion energy is likely to be very close to zero. As
opposed to the other cyano-substituted biradicals, 6 undergoes
almost exclusive proton transfer to tetrahydrofuran, allyl iodide
and dimethyl disulfide at very high efficiencies. This was entirely
unexpected as the (calculated) proton affinity of the conjugate
base of 6 is 201.4 kcal mol–1 (Table 1), which should entirely
prevent proton transfer to the reagents studied here. However,
similar behavior has been observed previously for the unsubstituted 2,6-didehydropyridinium cation.[32] Due to its relatively
small (calculated) S-T splitting (–11.1 kcal mol–1), a mixture of
singlet and triplet states is likely produced upon formation of
this biradical. The biradical was found to be highly acidic because it was able to transfer the proton from its triplet state
whose conjugate base has a much lower proton affinity than
the conjugate base for the singlet state [PA (T state):
196.9 kcal mol–1; PA (S state): 213.5 kcal mol–1; RHF-UCCSD(T)/
cc-pVTZ//UBPW91/cc-pVDZ level of theory].[33] The high PA of
the neutral singlet state is caused by repulsive interactions between the two radical sites and the nitrogen lone pair. This
destabilizing interaction disappears upon protonation of the
nitrogen atom. The neutral triplet state does not suffer from
such an interaction and hence has a lower PA. As 2,6-didehydropyridinium cation has a calculated S-T splitting[33]
(–11.1 kcal mol–1) similar to that of 6 (–11.9 kcal mol–1), it appears likely that the proton transfer reactions observed for biradical 6 also occur from its lowest-energy triplet state rather
than the singlet ground state. The calculated S-T splitting of
the neutral 3-cyano-2,6-didehydropyridine generated in these
reactions is +5 kcal mol–1; therefore, it has a triplet ground state,
which makes these proton transfer reactions spin-allowed. The
(calculated) proton affinity of the conjugate base of 6 (in its
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triplet ground state) is only 184.5 kcal mol–1 (Table 1). This enables 6, in its triplet state, to protonate all other reagents studied here except cyclohexane.
The 2,4,6-tridehydropyridinium cation 7 reacts in an analogous manner as monoradicals 1–3 and biradicals 4 and 5 except that instead of abstracting just one or two hydrogen atoms
from cyclohexane, allyl groups from allyl iodide molecules, and

SCH3 groups from dimethyl disulfide molecules, it abstracts
three (Table 2).[15] On the other hand, the hydroxy-substituted
triradical 8 mainly abstracts only one atom or group from the
reagents studied (Table 2), similar to monoradicals 1–3.[16] The
only exception is tetrahydrofuran. While 8 predominantly abstracts one hydrogen atom also from tetrahydrofuran, a minor
abstraction of two hydrogen atoms was also observed, followed

Table 2. Calculated thermochemical properties, reactions, reaction efficiencies,[a] and branching ratios of products[b] for triradicals 9–12 upon interaction with
various neutral reagents.[c]

[a] Reaction efficiency = kreaction/kcollision × 100. [b] Abs = abstraction; branching ratios for primary products are in bold; secondary products are indicated as
(2°), and are listed under the primary products that produce them. [c] Data for tetrahydrofuran, allyl iodide, and dimethyl disulfide for 7 and 8 taken from
ref.[14,15] respectively. [d] Calculated at the CASPT2/CASSCF(m,n)/cc-pVTZ//UB3LYP/cc-pVTZ level of theory. Proton affinities (for the conjugate bases) calculated
by using an isodesmic equation involving proton transfer to pyridine. [e] Note that at the UB3LYP/cc-pVTZ level of theory, the quartet state is calculated to
be nonplanar, and to lie ca. 2 kcal mol–1 lower in energy than the planar structure. However, for the CASPT2 calculations, the planar structure was used in
order to simplify the active space selection. [f] Ref.[33]. [g] Unreactive Isomer (UI), 20 %. [h] UI, 86 %. [i] Ref.[61].
Eur. J. Org. Chem. 2018, 6582–6589
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by a single (third) hydrogen abstraction as a secondary reaction.[16] The finding of only one atom or group abstraction from
most reagents indicates that only one of the radical sites of 8
is reactive toward most reagents. This behavior has been previously rationalized[15] by considering a dritterionic resonance
structure (13 and 14; Scheme 2) analogous to those described
above for related biradicals 4 and 5, in which the radical sites
at C-2 and C-4 are strongly coupled but the third radical site at
the 6-position is available for reactions. This triradical is best
considered as a reactive monoradical with an unreactive metabenzyne moiety.[16]

Scheme 2. Resonance structures of 3-hydroxy-2,4,6-tridehydropyridinium cation 8.

In sharp contrast to the hydroxy-substituted triradical 8, the
cyano-substituted triradical 9 abstracts three hydrogen atoms
from cyclohexane (Table 2). This finding provides further support to the importance of the resonance structures presented
in Scheme 2 for 8.[16] Because the cyano-substituent is electronwithdrawing, it should destabilize the resonance structures
analogous to 13 and 14 (17–19; Scheme 3). Therefore, the
cyano-substituent should diminish the coupling between the
radical sites at C-2 and C-4 and make them more reactive. This
is in agreement with the observation of three radical reactions
with cyclohexane. In particular, the cyano-substituent may stabilize the resonance structures 15 and 16, which would be ex-

pected to enhance the reactivity of the radical site at C-2. These
considerations suggest that the first radical site to react may be
that at C-2.
In order to explore the site of the first hydrogen atom abstraction in 9, triradical stabilization energies (TSEs) were derived from the calculations of the enthalpy changes of the
isodesmic hydrogen atom transfer from the 3-cyanopyridinium
cation to the 3-cyano-2,4,6-tridehydropyridinium cation to give
the corresponding mono- and biradical cations (Scheme 4).
Based on these calculations, the first hydrogen atom abstraction likely occurs at C-2, forming biradical 5. 5 is unreactive
toward cyclohexane (Table 1), which explains the lack of secondary reactions after this hydrogen atom abstraction by triradical 9 (Table 2). On the other hand, the abstraction of two
hydrogen atoms from cyclohexane by 9 yields one of the
monoradicals 1–3. All the monoradicals react with cyclohexane
via hydrogen atom abstraction (Table 1). This explains why abstraction of two hydrogen atoms by 9 is followed by a secondary reaction: abstraction of the third hydrogen atom. In comparison, the hydroxy-substituted triradical 8 has been suggested[16]
to react first at C-6. The triradical stabilization energy calculations (Scheme 4) support this hypothesis.
Triradical 9 reacts mainly via proton transfer with tetrahydrofuran, allyl iodide and dimethyl disulfide. This finding is rationalized by the relatively low proton affinity of the conjugate base
of triradical 9 (183.6 kcal mol–1; Table 2), which is much lower
than those of tetrahydrofuran (196.5 kcal mol–1), allyl iodide
(193.4 kcal mol–1) and dimethyl disulfide (194.9 kcal mol–1;
Table 2). As a result of these proton transfer reactions, the reactions of 9 toward these reagents cannot be compared to those
of the other radicals discussed here. It should be noted, though,
that 9 does display also some radical reactivity as it abstracts an

Scheme 3. Resonance structures of 3-cyano-2,4,6-tridehydropyridinium cation 9.

Scheme 4. Triradical stabilization energies for 3-hydroxy-2,4,6-tridehydropyridinium cation 8 and 3-cyano-2,4,6-tridehydropyridinium cation 9. Note that for 8,
all of the CASPT2/CASSCF(m,n)/cc-pVTZ//UB3LYP/cc-pVTZ calculations were carried out for structures in which the orientation of the hydroxyl group is anti
to the NH group.
Eur. J. Org. Chem. 2018, 6582–6589
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iodine atom from allyl iodide. This reaction product protonates
another allyl iodide molecule instead of undergoing a second
iodine atom abstraction, which is not surprising as proton transfer is usually barrierless while iodine atom abstraction is not.

Conclusions
Perturbation of the structure of a carbon-centered aromatic
σ,σ,σ-triradical cation by substitution is demonstrated to drastically influence its reactivity, and the change in reactivity can
be rationalized (and predicted) based on a simple resonance
structure model. A π-electron donating substituent (e.g., a
hydroxy-group) stabilizes an important dritterionic resonance
structure that enhances the coupling between the radical sites
at C-2 and C-4, thereby reducing the reactivity of these radical
sites. In sharp contrast, an electron withdrawing substituent
(e.g., a cyano group), diminishes the coupling between the radical sites at C-2 and C-4 by destabilizing the aforementioned
resonance structure. Hence, the hydroxy-substituted triradical 8
is best described as a reactive monoradical with a chemically
inert meta-benzyne moiety while the unsubstituted triradical 7
and the cyano-substituted triradical 9 are true triradicals with
three reactive radical sites. However, triradical 9 behaves drastically differently from 7 toward tetrahydrofuran, allyl iodide and
dimethyl disulfide due to the relatively low proton affinity of its
conjugate base.
Studies on the analogous mono- and biradicals revealed
greater reactivity for the cyano-substituted species than the
analogous species with no cyano-substituents due to their
greater (calculated) vertical electron affinities. The different reaction efficiencies displayed by two of the cyano-substituted
biradicals is rationalized by their different distortion energies.
Finally, the results suggest that a mixture of singlet (ground)
state and triplet (excited) state 3-cyano-2,6-didehydropyridinium cations was generated due to the relatively small S-T splitting of this biradical. The singlet state is unreactive but the
triplet state is a strong Brønsted acid. Therefore, this biradical
reacts almost exclusively via (spin-allowed) proton transfer with
three of the four reagents studied.

Experimental Section
The precursors of monoradicals 1, 2 and 3 (3-cyano-2-iodopyridine,
3-cyano-4-iodopyridine and 3-cyano-6-iodopyridine, respectively)
were purchased from Alfa Aesar and Combi-Blocks Co. and used as
received. The precursors of biradicals 4–6 and triradicals 7–9
(3-cyano-2,4-diiodopyridine, 5-cyano-2,4-diiodopyridine, 3-cyano2,6-diiodopyridine, 2,4,6-triiodopyridine, 3-hydroxy-2,4,6-triiodopyridine, and 3-cyano-2,4,6-triiodopyridine, respectively) were synthesized according to literature procedures.[34–38] Cyclohexane, tetrahydrofuran, allyl iodide and dimethyl disulfide were purchased from
Sigma Aldrich Co. and used as received.
The mono-, bi- and triradicals were generated and studied in a dualcell FT-ICR or a dual linear quadrupole ion trap by using methods
described previously.[15,17,39,40] The two instruments yielded identical results. In the FT-ICR, the radical precursors and other reagents
were introduced into the dual cell through two variable leak valves,
one located on each side of the dual cell. An electron beam of 20–
Eur. J. Org. Chem. 2018, 6582–6589
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30 eV kinetic energy was used to ionize the reagents (the filament
current was 7 μA and ionization time 0.02–1 s). The radical precursors were allowed to react with ions formed upon electron ionization or their ion-molecule reaction products to yield protonated
radical precursors. These ions were transferred into the other cell
by slightly increasing the voltage of the source trapping plate (from
2.0 V to 2.1 V) and slightly decreasing the voltage of the analyzer
trapping plate (from 2.0 V to 1.9 V) while grounding the conductance limit plate. The technique of sustained off-resonance irradiated
collision-activated dissociation[41] (SORI-CAD) with argon target gas
was used to homolytically cleave C–I bonds in the protonated precursors. During SORI-CAD, the nominal pressure of argon in the
cell was increased to 1 × 10–5 Torr. The radical precursor ions were
kinetically excited by using an rf-pulse with a frequency 1000 Hz
above the cyclotron frequency of the ions and collisionally activated
with argon for 0.3 s. The charged radicals of interest were isolated
by ejecting all the other ions via the application of a series of SWIFT
excitation pulses to the excitation plates of the analyzer cell.[42] The
isolated charged radicals were allowed to react with neutral reagents for a variable period of time. Detection was performed by
using “chirp” excitation of 124 V amplitude, 2.7 MHz bandwidth,
and 3.2 kHz/μs sweep rate. All of the spectra are the average of five
transients, which were recorded as 128 k data points and subjected
to one zero fill prior to Fourier transformation. Each reaction spectrum was background corrected by using a procedure described
previously.[43] In the FT-ICR mass spectrometer, the concentration
of charged radicals inside the cell is much smaller than that of the
neutral reagent. Hence, the concentration of the neutral reagent
can be assumed to be constant. All of the reactions studied followed pseudo-first-order kinetics, which allowed for the derivation
of the second-order reaction rate constant (kexp) from a semilogarithmic plot of the relative abundance of the reactant ion vs. reaction time and the concentration of the neutral reagent. The pressure inside each side of the dual cell was measured by two ionization gauges located about one meter above each cell. The ion
gauge pressure readings were corrected for the sensitivity of the ion
gauges toward each neutral reagent and for the pressure gradient
between the ion gauge and the cell. The correction factors were
obtained by measuring the rate of an exothermic electron transfer
from the reagent to the radical cation of CS2. Such reactions are
highly exothermic and have low barriers and hence can be expected to occur at the collision rate.[44] The accuracy of the measured rate constants is estimated to be about 50 %, with the precision estimated to be better than 10 %. The theoretical collision rate
constants (kcoll) were calculated using a parameterized trajectory
theory.[45] The efficiency of each reaction (i.e., the fraction of collisions that leads to reaction) is given by kexp/kcoll. The relative abundances of the primary products are reported as branching ratios,
which are given as the ratio of the abundance of a primary product
ion to the sum of the abundances of all primary product ions. The
structures of the mono-, bi- and triradicals were verified by using
ion-molecule reactions as described previously.[46,47]
Some of the reactions were carried out in a differentially pumped
dual-LQIT tandem mass spectrometer (DLQIT) equipped with a
manifold for neutral reagent introduction designed based on a previously described apparatus.[39,40] This instrument consists of two
differentially pumped Thermo Scientific linear quadrupole ion trap
(LQIT) systems that have been connected via an ion transfer octupole encased in a machined manifold. Triradical precursors were
introduced and ionized by protonation via atmospheric pressure
chemical ionization (APCI) and the radical sites were formed by ionsource collision-activated dissociation (CAD) of iodine atoms with
nitrogen collision gas. The triradicals were transferred into the first
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linear quadrupole ion trap and allowed to react with each reagent
for varying periods of time to determine reaction products and efficiencies, as described above for the FT-ICR instrument.
Computational Methods
Geometries for all species were computed by using density functional theory (DFT) with the correlation-consistent polarized valence-triple-ζ (cc-pVTZ) basis set.[48] These DFT calculations used
the gradient-corrected exchange functional of Becke,[49] which was
combined with the gradient-corrected correlation functional of Lee,
Yang and Parr[50] (B3LYP). All DFT geometries were verified to be
local minima by computation of analytic vibrational frequencies,
and these (unscaled) frequencies were used to compute zero-point
vibrational energies (ZPVE) and 298 K thermal contributions (H298 –
E0) for all species. DFT calculations for doublet states of monoradicals, triplet states of biradicals, and doublet and quartet states of
triradicals employed an unrestricted formalism. For singlet-state biradicals, the DFT “wave function” was allowed to break spin symmetry by using an unrestricted formalism.[51] For the singlet-state biradicals, total spin expectation values for Slater determinants
formed from the optimized Kohn–Sham orbitals ranged widely between 0.0 and 1.0.
To improve the molecular orbital calculations, dynamic electron correlation was also accounted for by using multi-reference secondorder perturbation theory[52,53] (CASPT2) for multi-configurational
self-consistent field (MCSCF) reference wave functions; these calculations were carried out for the DFT optimized geometries. The
MCSCF calculations were of the complete active space (CASSCF)
variety[54] and included (in the active space) the full π-space for
each molecule and, for each of the monoradicals, biradicals and
triradicals, the nonbonding σ orbital(s). Some caution must be applied in interpreting the CASPT2 results since this level of theory is
known to suffer from a systematic error proportional to the number
of unpaired electrons.[55] Thus, the electronic energies are of the
CASPT2/CASSCF(m,n)/cc-pVTZ//UB3LYP/cc-pVTZ variety (where m is
the number of active electrons and n is the number of active orbitals), and estimates of the thermodynamic quantities, E0 and H298,
are derived by adding to these electronic energies ZPVE and the
sum of ZPVE and (H298 – E0), respectively, where the latter are derived from the DFT calculations.
In order to compute vertical electron affinities (EAv) for the mono-,
bi- and triradicals, single-point calculations [CASPT2/CASSCF(m,n)/
cc-pVTZ], using the UB3LYP/cc-pVTZ optimized geometry for each
radical, were also carried out for the states that are produced when
a single electron is added to the nonbonding σ orbital (or one of
the two, or three, such orbitals) of each molecule.[56] Thus, for the
monoradicals and triradicals (doublet ground states) these calculations were carried out for (zwitterionic) singlet states, whereas for
the biradicals (singlet ground states) calculations were carried out
for (zwitterionic) doublet states.[57]
Proton affinities (PA) for the mono-, bi-, and triradicals were also
computed at the CASPT2/CASSCF(m,n)/cc-pVTZ//UB3LYP/cc-pVTZ
level of theory by using an isodesmic reaction involving proton
transfer from the protonated radical to pyridine to form pyridinium
cation and the neutral (uncharged) radical. For each radical, the
computed 298 K reaction enthalpy was added to the experimentally
determined[58] PA for pyridine (222 kcal mol–1) to derive the PA of
the conjugate base for the radical.
All CASPT2/MCSCF and DFT calculations were carried out with the
MOLCAS 8.0[59] and Gaussian 09[60] electronic structure program
suites, respectively.
Eur. J. Org. Chem. 2018, 6582–6589
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Supporting Information (see footnote on the first page of this
article): Tables of Cartesian coordinates, zero-point vibrational energies, and 298 K thermal contributions for all chemical species.
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